Cardiac myocytes, upon exposure to increasing doses of norepinephrine (NE), transit from hypertrophic to apoptotic phenotype. Since reactive oxygen species (ROS) generation is attributed to both phenomena, the authors tested whether an elevation in intracellular ROS level causes such transition. H9c2 cardiac myoblasts upon treatment with hypertrophic and apoptotic doses of NE (2 and100 µM, respectively) transiently induced intracellular ROS at a comparable level, while 200 µM H 2 O 2 , another proapoptotic agonist, showed robust and sustained ROS generation. Upon analysis of a number of redox-responsive transcription factors as the downstream targets of ROS signaling, the authors observed that NE (2 and 100 µM) and H 2 O 2 (200 µM) were ineffective in inducing NF-B while both the agonists upregulated AP-1 and Nrf-2. However, the extents of induction of AP-1 and Nrf-2 were not in direct correlation with the respective ROS levels. Also, AP-1 activities induced by two doses of NE were intrinsically different, since at 2 µM, it primarily induced FosB, and at 100 µM it activated Fra-1. Differential induction of FosB and Fra-1 was also reiterated in adult rat myocardium injected with increasing doses of NE. Therefore, NE induces hypertrophy and apoptosis in cardiac myocytes by distinct redox-signaling rather than a general surge of ROS.
INTRODUCTION P
OSTNATAL CARDIAC MYOCYTES are terminally differentiated and are unable to proliferate. Certain pathophysiological conditions leading to cardiac overload elicit an adaptive response by increasing myocyte volume, a condition termed hypertrophy (17, 37) . Physiological modulators of cardiac function, such as, endothelin-1, and angiotensin II (Ang II), can mimic hypertrophic response(s) in neonatal and adult myocytes cultured ex vivo (40) . Signal transducing kinases (e.g., S6, Ras, Raf, ERK, p38), phosphatases (e.g., calcineurin), and downstream transcriptional regulators (e.g., NFAT, GATA-4, NF-B and MEF-2) have been identified as the mediators of hypertrophic responses (2, 25, 49, 53) . It is often observed that some of these agonists (Ang II and NE) also cause apoptosis at higher doses (41, 43) . Such transition from hypertrophic to apoptotic "mode" also occurs during end-stage heart failure and is of immense clinical relevance (4, 17, 37) . A paradox in the activities of a number of the above-mentioned signaling molecules such as ERK and calcineurin is that these mediate both anti-and proapoptotic responses (6, 36) . It remains to be explored how cardiac myocytes utilize apparently similar signaling molecules and still achieve distinctly variable biological consequences.
During recent years, reactive oxygen species (ROS) have drawn considerable attention as a determinant of various bio-f-2
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logical responses like cell proliferation, tumor progression, hypertrophy, and apoptosis (45) . Neonatal rat cardiac myocytes, upon exposure to various agonists, induce intracellular ROS followed by hypertrophic response (25, 21) . Some of these agonists (e.g., Ang II and NE) at a higher dose also induce ROS followed by apoptosis. Attenuation of ROS by pharmacological and molecular inhibitors mitigates these responses (41, 43) . Cardiac myocytes upon treatment with an exogenous oxidant like H 2 O 2 at low to moderate doses (Յ 30 µM) elicit hypertrophic responses, while further increase in concentration (up to 200 µM) leads to apoptosis (33) . These studies have thereby evolved a conceptual framework according to which a moderate level of ROS generation leads to hypertrophy and at elevation of a yet unspecified threshold, induces apoptosis (12) . In the present study we have examined this concept by studying the effects of norepinephrine (NE) and H 2 O 2 on H9c2 cardiac myoblasts. Endogenous ROS levels were measured following respective treatments and its correlation with the induction of a number of redox-responsive transcription factors, further downstream, were studied. We demonstrate that although exposure to NE and H 2 O 2 increases intracellular ROS, its level does not necessarily correlate with the downstream events. This indicates the existence of distinctive redox signaling rather than that of a global ROS surge as the determining factor. We finally demonstrate that NE and H 2 O 2 initiate cell death by distinctly differing biochemical mechanisms, which is again at variance with the idea of a generalized role of ROS in activating apoptotic programs in cardiac myocytes.
MATERIALS AND METHODS

Materials
All reagents used in this study were from Sigma Aldrich (St. Louis, MO) unless mentioned otherwise. Fetal bovine serum was purchased from Life Technologies, and antibodies were from Cell Signaling, (p65: #3, IB␣: #9242) and Santa Cruz Biotechnologies Inc, (Santa Cruz, CA) (PARP: SC-7150, p50: SC-7178). NF-B reporter plasmid [(NF-B) 6 -TK-luciferase] and AP-1 reporter plasmid [AP-1-luc (7X)] were from Stratagene, Luciferase assay reagents were purchased from Promega.
Cell culture
H9c2 myoblasts were cultured and maintained as monolayer in Dulbecco's modified Eagle's medium (DMEM), high glucose, supplemented with 10% fetal bovine serum (heat inactivated), 100 units/ml penicillin, 100 µg/ml streptomycin, and 2.5 µg/ml amphotericin B, at 37°C in humidified incubator with 5% CO 2 . Subconfluent cells were propagated in 1:6 ratio and were kept in serum-free medium for 24 h prior to treatment with NE (100 mM stock in 1 mM ascorbic acid) and H 2 O 2 (200 mM stock).
Primary cardiac myocytes were isolated from neonatal (1-2 days) male Sprague-Dawley rat hearts, according to the method described by Claycomb (11) . In brief, excised hearts were finely minced in the ice-cold cell buffer containing 8.10 g/l NaCl, 0.40 g/l KCl, 0.60 g/l Na 2 HPO 4 .H 2 O, and 0.90 g/l glucose, and then treated with 0.5 mg/ml collagenase and 0.25 mg/ml hyaluronidase (dissolved in cell buffer) for 15 min at 37°C.
The first batch of dissociated cells were discarded and subsequent batches were pooled and resuspended in DMEM supplemented with 10% heat inactivated fetal bovine serum, 100 units/ml penicillin, 100 µg/ml streptomycin, and 2.5 µg/ml amphotericin B, followed by transferring onto 100 mm dishes. Cells were then kept in a humidified CO 2 incubator at 37°C for 2 h for the attachment of fibroblasts (panning). The supernatant was then transferred to another dish for two more rounds of panning and finally, enriched cardiomyocytes were plated at a density of ~1.5 ϫ 10 6 cells per 60 mm dishes and grown for 48 h, followed by experimentation. Cells were kept in serum-free medium for 12 h prior to treatment with NE and H 2 O 2 . At appropriate time points, cells were fixed in methanol and photographed under phase contrast microscope.
MTT assay
Subconfluent cell population was kept overnight in serum-free medium (DMEM) followed by treatment with NE. At appropriate time points, cells were washed in PBS, treated with 50 µl MTT solution (5 mg/ml, tetrazolium salt) and incubated for 2 h at 37°C. Formazan salt crystals were then dissolved in 100 µl of 10 mM HCl containing 10% SDS at 37°C overnight. Plates were analyzed in an ELISA plate reader (Labsystems Multiskan RC) at 570 nm with a reference wavelength of 655 nm.
Measurement of intracellular ROS
The intracellular ROS were measured essentially as described by Chandel et al., (9) . Cells were kept overnight in serum-free medium and DCFH-DA was added to a final concentration of 5 µM. After 30 min, medium was removed, washed once with PBS, and supplemented with fresh medium. Five min later, agonists under study were added and at different time points cells were washed twice in PBS, lysed in 50 mM Tris pH 7.6, 150 mM NaCl, 1% NP-40, 0.5% sodium deoxycholate, 0.1% SDS, 1 mM phenyl methyl sulfonyl fluoride (PMSF), and 1 µg/ml aprotenin. After centrifugation, lysates were assayed for oxidized H 2 DCF in a spectrofluorimeter at 530 nm.
Western blot analysis
Following experimental treatments, H9c2 cells were lysed in 50 mM Tris pH 7.6, 400 mM NaCl, 1 mM EDTA, 1 mM EGTA, 1% NP-40, 1 mM sodium orthovanadate, 10 mM sodium fluoride, 0.5 µg/ml leupeptin, 0.5 µg/ml pepstatin, 0.5 µg/ml aprotinin, and 1 mM PMSF. Resolved proteins were then transferred on to Hybond-PVDF membrane (Amersham Pharmacia Biotech) followed by Western analysis using respective primary antibodies and HRP conjugated secondary antibody, followed by detection with Western Blotting Chemiluminescence Luminol Reagent (Santa Cruz Biotechnologies Inc,.). 
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Indirect immunofluorescence studies
Cells grown on sterile glass cover slips were fixed in methanol at Ϫ20°C for 15 min, air-dried and then equilibrated in PBS (pH 7.4). Fixed cells were then preincubated thrice with 10 mM phosphate buffered saline (PBS) and again fixed with chilled methanol (Ϫ20°C) for 15 min on ice. The cover slips were then washed thrice, air dried and kept at Ϫ20°C for 1 h. The cells were then equilibrated in a humidified chamber for 30 min, blocked in 1% bovine serum albumin (BSA) in PBS for 30 min, incubated with primary antibody (1:100 dilution in 1% BSA-PBS), and kept overnight at 4°C. Following washes with PBS, the cells were further incubated for 1 h with Cy-3-conjugated secondary antibody (sheep antirabbit IgG, Sigma; 1:250 dilutions in 1% BSA-PBS) and incubated at room temperature for 1 h. For visualizing cell nuclei, 1 mg/ml DAPI was also included with the secondary antibody. The cells were again washed with PBS and the cover slips were mounted on glass slide and visualized under Axioscope fluorescence microscope (Carl Zeiss, Germany) using suitable filter sets and imaged with the AxioCam camera system coupled to the AxioVision software (Carl Zeiss, Germany).
Transient transfection and reporter assay
Subconfluent population of H9c2 myoblasts grown in 35 mm dishes were transiently transfected with reporter plasmids using Escort IV transfection reagent (Sigma) according to the manufacturer's instructions. Two microgram of plasmid DNA was routinely used per 35 mm dish. Cells were incubated in the transfection reagents in serum-antibiotic-free medium for 8-10 h, refed with fresh serum containing medium, and kept for 12 h. Finally, cells were again kept in serum-free medium for 12 h, followed by the requisite agonist treatments. Cells were then processed for luciferase reporter activity after 4-8 h (~40-48 h post transfection).
Luciferase reporter assays
Cells were lysed in reporter lysis buffer (Promega). Lysates were then analyzed for the luciferase activities using the Luciferase Reagent Assay Kit (Promega) and readings were taken in a luminometer (Turner Scientific). DNA uptake was normalized by cotransfection of ␤-galactosidase expression plasmid (pCMV-gal, 1 µg). In certain experiments, normalization was also done based on protein content as liposome-mediated plasmid transfer is characterized by uniform transfection efficiency for a set of culture dishes.
Nuclear extract preparation
After respective experimental treatments, cells were lysed in 1 ml of buffer A (20 mM Hepes, pH 7.9; 20% glycerol; 10 mM NaCl; 1.5 mM MgCl 2 ; 0.2 mM EDTA; 1 mM DTT; 0.1% Triton X-100, protease inhibitors 0.2 mM PMSF, 4 µg/ml leupeptin, 10 µg/ml aprotinin, and 2 µg/ml pepstatin). Homogenates were centrifuged at 2,000 rpm at 4°C for 15 min and the nuclear pellets were resuspended in 50 µl of buffer B that was essentially same as buffer A except that it contained 500 mM NaCl. The nuclei were lysed in buffer B by incubation on ice with intermittent tapping for 1 h. Lysates were then centrifuged at 10,000 rpm at 4°C for 15 min and the supernatants were aliquoted and snap-frozen at Ϫ80°C until used.
Gel mobility shift assay:
DNA-protein binding reactions were carried out in 40 µl binding buffer (20 mM Hepes, pH 7.9, 5% glycerol, 60 mM NaCl, 1.5 mM MgCl 2 , 1.0 mM EDTA, and 1.0 mM DTT) containing 6-8 µg nuclear extract, 1 µg poly dI-dC, and 32 -Plabeled oligonucleotide probe (~40,000 cpm) on ice for 40 min. Protein-DNA complexes were resolved on 8% polyacrylamide gel in 0.5 ϫ TBE for 3 h at 200 V at 4°C.
Immunohistochemistry
Male Sprague-Dawley rats (200-300 g body weight, 2-3 weeks of age) were intraperitoneally injected with three different doses of NE (0.05 mg, 0.2 mg, and 2.5 mg per kg bodyweight) while control rats were injected with normal saline. Hearts were excised 2 and 4 h post treatment and microtransverse sections of the myocardium were mounted on glass slides. Sections were air dried for 2 min, fixed in chilled acetone for 10 min, and stored at Ϫ20°C till use. Endogenous peroxidase activity was removed by incubating the sections in methanolic H 2 O 2 (0.5%) for 30 min. After rinsing in TBS (pH 7.4), sections were permeabilized by incubating in 0.1% Triton X-100 in TBS and nonspecifically blocked with 1% BSA for 1 h. The sections were then incubated with primary antibody (1:100; in TBST with 0.1% BSA) overnight at 4°C. After washing with TBS, sections were incubated with horseradish peroxidase conjugated secondary antibody (1:200 dilutions in TBST with 0.1% BSA) for 1 h. Peroxidase activity was then visualized with 3Ј,3Ј-diaminobenzidine (DAB, 0.04 %) and H 2 O 2 (0.015%) in 0.05 M TBS. The reaction was stopped in water, sections were air dried, dehydrated in ethanol, cleared in xylene, and mounted in DPX (dibutylphthalate) and photographed in a Nikon microscope. Immunocytochemical controls for the experimental sections were incubated as above with the omission of the primary antibody. Integrity of the myocardium was checked by hematoxylineosin staining.
Data analysis
All the experiments were done at least thrice (unless mentioned otherwise) with similar results and representative figures are shown. Data were collected and expressed as mean ± standard deviation. Significance test (Student t test) was performed using Sigma Plot version 8. p values < 0.05, 0.01, and 0.001 are represented as *, **, and ***, respectively.
RESULTS
NE is a moderate and transient inducer of ROS
Neonatal and adult rat cardiac myocytes upon stimulation with NE elicit hypertrophic responses at a lower dose and apoptotic responses at an elevated level (3, 43) . The rat cardiac myoblast cell line H9c2 also expresses adrenergic receptors as primary myocytes (13) and has been used for investi-AQ9. Location of Turner Scientific.
gating mechanisms of hypertrophy and apoptosis by other agonists (21, 26) .
To test the suitability of H9c2 myoblasts for studying hypertrophy and apoptosis induced by NE, we first examined its response to increasing NE concentrations. A subconfluent population of H9c2 cells was treated with increasing doses of NE, and the number of viable cells was measured after 24 h by MTT cell viability assay. Treatment with 2 and 10 µM NE enhanced the number of viable cells, indicating cell proliferation (Fig. 1A) , which was corroborated by photomicrograph (Fig. 1B) and Trypan blue staining (data not shown). Upon further increase in NE concentration (25 µM and above), cells remained quiescent till 24 h (Fig. 1A) , beyond which morphological changes characteristic of apoptosis were visible. Forty to sixty h after NE treatment, ~80% of the cell population underwent apoptosis as confirmed by nuclear condensaf-4 GUPTA ET AL.
tion (Fig. 1B) and also by the induction of a number of other apoptotic markers as shown below. Thereafter, we measured intracellular ROS levels in NE (2 µM and 100 µM) treated cells with DCFH-DA, a redox-sensitive fluorescent probe. Mammalian cells efficiently take up DCFH-DA and hydrolyze it to its deacetylated form DCFH 2 , which in turn reacts with intracellular H 2 O 2 (and a number of other oxidizing species) generating a highly fluorescent derivative DCF (1, 39) . As shown in Fig. 2 , both doses of NE generated ROS only transiently (within 15 min) and at a comparable level. For a comparison, we also estimated the level of ROS induced by 200 µM H 2 O 2 , a concentration that leads to apoptosis to an extent comparable to that by 100 µM NE, albeit at a much faster rate (~8 h, Fig. 1B ). Exposure to H 2 O 2 , however, resulted in more robust and sustained induction of ROS (Fig. 2) . Notably, in addition to various reactive oxygen/nitrogen species, a number of other cellular components such as heme, heme proteins, and cytochrome C can also oxidize DCFH 2 (1, 8, 39) . Nonetheless, oxidation of DCFH 2 by heme and heme proteins are relatively slow processes and more cell type specific (39) , while that by cytochrome C requires its release from mitochondria to the cytoplasm following onset of apoptosis (8) . Therefore, the oxidation of DCFH 2 as observed in NE (and H 2 O 2 ) treated cells is likely due to ROS, although its chemical nature is yet to be ascertained.
In cardiac myocytes, upon adrenergic stimulation, alphareceptor(s) propagate a hypertrophic response; beta-1 receptors propagate an apoptotic response, and beta-2 receptors transmit survival signals (3, 43) . Nonetheless, how these signals are integrated at the level of gene expression and eventually lead to a unified response is not understood as yet. In contrast to adrenergic signaling, that by exogenous H 2 O 2 is less understood, especially in mammalian cells (48) . In the case of cardiac myocytes, it has been proposed that exposure to H 2 O 2 leads to the oxidative modifications of membrane constituents that in turn stimulate the Toll-Like Receptor-2 (TLR-2), followed by apoptosis (16) . Therefore, intracellular ROS generated by exogenously added H 2 O 2 might involve some indirect mechanism such as receptor stimulation, rather Forty-eight hours after, cells were fixed in chilled methanol and morphology was monitored by phase contrast microscopy. Also nuclear morphology (DAPI stained) was monitored under fluorescent microscope. (B, bottom panel) Similar analysis was also done with neonatal rat primary cardiac myocytes (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article).
FIG. 2. Differential induction of ROS by NE and H 2 O 2 .
H9c2 cells were treated with 5 µM DCFH-DA for 30 min, followed by treatment with NE (2 µM and 100 µM) and H 2 O 2 (200 µM). Cell lysates were then prepared at indicated time points and assayed for oxidized H 2 DCF as a measure of intracellular ROS (see Materials and Methods for details). Data shown are mean ± SD; n = 3; *p < 0.05, **p < 0.01, and ***p < 0.001. than its direct diffusion through the plasma membrane. Nonetheless, the levels of ROS generated by NE (2 µM and 100 µM) and H 2 O 2 (200 µM) indicate that in cardiac myocytes, even though ROS play a critical role in dictating the downstream events (hypertrophy and apoptosis), its level(s) of induction is not a direct correlate of such consequences.
Increased generation of ROS does not lead to the activation of NF-B
Transcription factor NF-B has wide gene regulatory functions including induction of cardiac hypertrophy and sur-
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vival (10) . Numerous studies have shown that diverse signals such as cytokine and growth factor stimulation, UV radiation, and viral infection result in the activation of NF-B. It has since been proposed that these stimuli lead to the generation of ROS, which in turn activate IB kinase (IKK) that phosphorylates IB. Phosphorylated IB is then degraded, releasing the p65 subunit of NF-B, followed by its translocation to the nucleus and engagement with the ognate promoters (5). Nevertheless, a nodal role of ROS in NF-B activation has lately been questioned (23) and other mechanisms of its activation are emerging (42, 57) . We thus examined whether NE Ed: Tightened up space around 2 head for good page makeup.
(and H 2 O 2 ) treatment leads to the activation of NF-B and if so, whether the extent(s) of activation is a function of ROS level. As shown in Fig. 3A , nuclear shifts of cytoplasmic p65, a hallmark of NF-B activation, were assayed by indirect immunofluorescence; both NE and H 2 O 2 were only marginally and transiently effective in increasing the nuclear localized p65. Notably, H9c2 myoblasts contain a moderate level of nuclear localized p65 that largely remained unchanged after NE and H 2 O 2 treatments. However, treatment with TNF-␣ resulted in a rapid and robust translocation of p65 to the nucleus (Fig. 3A, lower panel) , thereby validating the assay conditions. We thereafter corroborated these observations by immunoblot analysis of IB␣. As showed in Fig. 3B , both NE (2 µM and 100 µM) and H 2 O 2 (200 µM) resulted in an initial increase (~twofold) in IB␣, followed by its partial degradation, albeit with subtle differences in kinetics. In H 2 O 2 treated cells, IB␣ degradation was incremental reaching ~80% of the preinduction level in 2 h. However, in NE (2 µM at 100 µM) treated cells; maximum degradation occurred only between 1-2 h and still remained slightly above the basal level. Furthermore, both the agonists were equally ineffective in degrading the other subunit of the IB complex (i.e., IB␣, data not shown). We thereafter examined the NF-B specific promoter-reporter assay that showed a modest (~twofold) increase with H 2 O 2 treatment and only a marginal (~0.2-fold) increase with NE treatment (Fig. 3C ). Taken together, these results demonstrate that although H 2 O 2 was more effective than NE in ROS generation, both were poor inducers of NF-B, thereby indicating the existence of distinct redox-signaling (or otherwise) rather than a general redox-threshold as the modulator of downstream gene regulatory events.
Induction of AP-1 and Nrf-2 is partially related to the ROS level
Besides NF-B/p65, two other transcription factors (AP-1 and Nrf-2) have also been identified as the mediators of redox-signals to the gene expression machinery. AP-1 is an early responsive heterodimeric (Jun:Fos) transcription factor induced by divergent stimuli including ROS (14, 19, 50) . In contrast, Nrf-2 is relatively less studied, especially in the context of its mechanism(s) of activation (38) . Nonetheless, recent data indicate that under normal conditions, Nrf-2 is sequestered in the cytoplasm by Keap1 that acts as a redox switch. Upon oxidative stimulation, Keap1 is degraded, thereby releasing Nrf-2, which then translocates to nucleus, binds to antioxidant response elements (ARE) and activates cognate genes (31) .
We thus examined the modulation of both Nrf-2 and AP-1 activities as downstream sensors of ROS generation. Nuclear extracts were prepared from NE and H 2 O 2 treated cells and assayed for Nrf-2 (ARE: 5Ј-AATTGCTG AC TGACTCAG CATTACT-3Ј) binding activity. As shown in Fig. 4A , while both NE and H 2 O 2 induced Nrf-2, the level of induction was substantially higher in case of 100 µM NE than that for 2 µM NE. On the other hand, both 100 µM NE and 200 µM H 2 O 2 induced it at a comparable level. Therefore, although Nrf-2 was induced by both concentrations of NE and by H 2 O 2 , its extent of induction was not necessarily a function of respective ROS levels. When similar analysis was done with the AP-1 target f-6 GUPTA ET AL.
sequence (TRE: 5Ј-CGCTTGATGAGTCAGCCGGAA), a moderate induction of AP-1 was observed for 2 µM NE, that was further increased with 100 µM NE (Fig. 4B) , and 200 µM H 2 O 2 induced it at an even higher level (Fig. 4C) . To confirm such pattern of induction of AP-1, we performed AP-1-promoter-reporter analysis (Fig. 4D) 
Hypertrophic and apoptotic doses of NE induce two distinct Fos proteins
AP-1 activities consist of heterodimers of Jun (Jun, JunB, and JunD) and Fos (Fos, FosB, Fra-1, and Fra-2) proteins binding to the consensus DNA element TGA G / C TCA (52) . Based upon the stimuli and the target cells, multiple AP-1 complexes might be induced in a given condition, but the mechanism(s) by which they recognize their cognate genes is poorly understood (19) . In cardiac myocytes (and also in the intact myocardium), agonists such as mechanical stretch, pressure-volume overload, adenosine, angiotensin II, and catecholamines induce AP-1 as an immediate early response (22, 44, 54) . We thus argued that, since treatment of cardiac myocytes with low and high doses of NE lead to distinct consequences (hypertrophy and apoptosis), AP-1 activities induced under respective conditions might be intrinsically different (in addition to the difference in their extent of induction, as shown in Fig. 4B ).
To test this possibility, we performed immunoblot analysis of various Jun and Fos proteins induced by 2 and 100 µM NE in H9c2 myoblasts. In agreement with the gel mobility shift and reporter assays shown in Figs. 4B and 4D, both doses of NE induced Jun within 1 h and sustained it till 8 h, the last time point tested (data not shown). On the contrary, both doses of NE initially induced Fos only transiently for 1 h (data not shown) and thereafter, two other members of the Fos family (Fos B and Fra-1) were induced by 2 and 100 µM NE in a reciprocal and dose-dependent manner. As shown in Fig.  5A , µM NE primarily induced Fos B with a peak induction of 3.6-fold within 2 h, followed by a sustained level (~2.5-fold) until 4 h. On the other hand, 100 µM NE was only a moderate inducer of FosB at the beginning with a peak induction of 2.2-fold within an hour that was followed by a decline below the basal level. In contrast, Fra-1 was primarily induced by 100 µM NE as a delayed response (~1.7-fold) in 4 h (Fig. 5B) . Notably, delayed induction of Fra-1 has also been observed in other cell types, although the relevance is not known yet (7).
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Also, H9c2 cells had a basal level of Fra-1 that gradually diminished after treatment with 2 µM NE (analogous to the decrease in FosB following treatment with 100 µM NE). Since the induction of Fra-1 (by 100 µM NE) was quite moderate, it was further corroborated by transcript analysis and indirect immunostaining of cells treated with increasing doses of NE (data not shown). Noticeably, in the immunoblot, both FosB and Fra-1 appeared as multiple bands, reflective of differential phosphorylation as observed with other cell types (51) .
Taken together, it appears that although low and high doses of NE generate comparable levels of ROS, subsequent signaling events are intrinsically different. In view of the significance of such scenario, we thereafter reiterated the differen-
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tial induction of Fos B and Fra-1 in the in vivo context. Adult rats were intraperitoneally injected with three different doses of NE (0.05 mg/kg, 0.2 mg/kg, and 2.5 mg/kg bodyweight) and immunohistochemical analysis of the myocardium were done at 2 and 4 h time points. As shown in Fig. 5C , in agreement with the ex vivo analysis done with H9c2 myoblasts (Fig.  5A ), increase in Fos B immunoreactivity was seen in the myocardium injected with the lowest dose of NE (0.05 mg/kg bodyweight) and with further increase in NE dose, a lesser degree of induction (0.2 mg/kg body weight, 2 h time point) was followed by diminishment below the background level. Similarly, in agreement with the ex vivo analysis, with increasing doses of NE, Fra-1 was increasingly induced and maximum
FIG. 4. Induction of AP-1 and Nrf2 activities by NE and H 2 O 2 .
H9c2 cells in culture were treated with NE (2 and 100 µM) and H 2 O 2 (200 µM). Nuclear extracts were prepared 1 and 2 h after treatment, and gel mobility shift assays were performed using 8-10 µg nuclear proteins and radiolabeled. (A) Nrf-2 (MARE: AATTG CTGACTGACTCAGCATTACT), and (B and C) AP-1 (TRE: CGCTTGATGAGTCA GCCGGAA) oligonucleotides as probes. DNA binding activity in each lane was estimated densitometrically for three independent experiments and plotted accordingly in the lower panels. (D) H9c2 cells were transfected with 2.0 µg of AP-1 promoter-luciferase plasmid and ~36 h after transfection, cells were treated with NE. and luciferase activity was assayed at different time points. Values are represented as mean ± SD; n = 3; *p < 0.05, **p < 0.01, and *** p < 0.001.
induction was observed with the highest dose (2.5 mg/kg body weight at 4 h; Fig. 5D ). Noticeably, while FosB was induced only in a subpopulation of cells at a moderate level, induction of Fra-1 was more robust, extensive, and distinctively nuclear localized; the reason(s) for which is yet to be explored. Taken together, it appears that the adrenergic signaling observed in H9c2 myoblasts were consistently reproducible in adult rat myocardium injected with various doses of NE.
Norepinephrine and H 2 O 2 initiate apoptosis by two distinct mechanisms
Although generation of ROS has been attributed to the induction of apoptosis by both NE and H 2 O 2 (12, 43 ), the precise mechanism by which ROS initiate the death process is not known as yet. Nevertheless, proapoptotic cytokine TNF-␣ has been identified as the downstream mediator of cell death caused by NE (58) , while the mitochondrial death pathway has been attributed to that by H 2 O 2 (21, 34) . Furthermore, while apoptosis induced by NE is a delayed response (executed after ~48-60 h), that by H 2 O 2 is much faster (executed within ~4-8 h). Although f-8 GUPTA ET AL.
our analyses of induction of FosB and Fra-1 by low and high doses NE indicated that distinctive signaling rather than gross ROS level determine the downstream events, we still argued in favor of a common mechanism of initiation apoptosis by NE and H 2 O 2 . We thus tested the possibility that while a moderate level of ROS generation (by 100 µM NE) causes delayed apoptosis, a surge in ROS results in rapid cell death (programmed) but the triggering mechanisms are the same. To test this concept, we first monitored the kinetic of induction of a number of proapoptotic events: cleavage of PARP, decrease in prosurvival protein Bcl-2, increase in proapoptotic protein Bax, and DNA fragmentation in NE (100 µM) treated cells. As shown in Fig. 6 , substantial cleavage of PARP, decrease in Bcl-2 level, increase in Bax, and extensive DNA fragmentation occurred only after 24 h. Notably, in NE-treated cells, morphological manifestation of cell death occurs only after ~36 h and maximum (~80 %) cell death occurs around 48-60 h. Nonetheless, such delayed induction of apoptosis could still be attributed to the immediate early events, as exposure to NE (100 µM) for the initial 3 h was quite adequate in inducing the death program (data not shown). Therefore, cell death induced by NE might be an indirect conse- quence of ROS generation that occurs only transiently and moderately (and also at the same level as that induced by 2 µM NE) immediately after NE treatment. This prompted us to believe that while the induction of apoptosis by NE is a secondary event following ROS generation, that in the case of H 2 O 2 is the direct result of surge in ROS, and therefore, the two processes are intrinsically different. We thus treated cells with cycloheximide (10 µg/ml), a reversible inhibitor of protein synthesis, along with NE and H 2 O 2, and monitored the extent of cell death. As shown in Fig.  7 , while cycloheximide substantially prevented cell death by NE, it was ineffective for H 2 O 2 . Furthermore, the protective effect of cycloheximide was highest only when the treatment was done for the first 6 h of NE treatment. Such results, therefore, unambiguously established that while onset of apoptosis by NE requires de novo protein synthesis at the beginning, that by H 2 O 2 does not have such a requirement.
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Thus, the biochemical mechanism by which H9c2 myoblasts sense and process the apoptotic (and hypertrophic) signal(s) are qualitatively different for NE and H 2 O 2 and therefore, plausibly involve distinct redox-signaling rather than a general surge of ROS as the determining factor.
DISCUSSION
The present study was undertaken to examine the tenet that intracellular ROS level plays a nodal role in determining events like hypertrophy and apoptosis in cardiac myocytes. Cardiac hypertrophy is characterized by multiple criteria, manifestation of which may vary from one agonist to another, thereby indicating integration of multiple signal inputs (4, 17) . The existence of multiple pathways for the induction of cell death in cardiac myocytes has also been observed but the precise mechanism(s) remains to be investigated (20, 32, 46) . Over the years, ROS has been perceived as a biological hazard causing oxidative damage to the cellular components leading to cancer, neuro-, and cardiovascular degeneration, and disorders related to aging (35) . More recent studies reveal that ROS also have roles in modulating normal cellular functions such as cell proliferation, angiogenesis, and DNA replication (15) . Furthermore, although oxidative stress is often used as a synonym for ROS generation, general oxidative stress is different from redox signaling although the parameters are yet to be clearly defined (15, 18) . In this context, comparative analysis of the intensity of ROS generation by 2 µM NE, 100 µM NE, and 200 µM H 2 O 2 subscribe to the existence of distinct signaling mechanisms rather than a general ROS threshold as the factor deciding whether to activate the hypertrophic or apoptotic pathways.
To have an insight into the downstream events following ROS generation, we have examined the induction of NF-B, a well-investigated redox-sensitive transcription factor. Although it has long been considered that various agonists activate NF-B by a common mediator like ROS, certain discrepancies viz., the temporal differences between the ROS generation and the activation of NF-B has often been cited as evidence against a nodal role of ROS (5). Such arguments have further been strengthened by some recent observations like (i) activation of NF-B can be functionally dissociated from the generation of ROS by NADPH oxidase and (ii) antioxidant N-acetyl cysteine inhibits the induction of NF-B by a mechanism independent of attenuating ROS (23) . Our observation that the translocation of p65 from cytoplasm to the nucleus is not a correlate to ROS threshold also agrees with similar studies in other cell types and thereby indicates interplay between multiple signaling components rather than a single factor like ROS generation (29) . Furthermore, marginal and slow translocation of p65 following NE and H 2 O 2 treatment vis-à-vis a rapid and substantial translocation by TNF-␣ is also in agreement with studies done with primary myocytes (16) and therefore is not an aberration due to the use of H9c2 myoblast as the test system. In contrast to poor induction of NF-B, the extent of induction of both AP-1 and Nrf-2 by NE and H 2 O 2 were substantial, though not necessarily a function of the ROS level. Taken together, it appears that induction of hypertrophy and apoptosis by NE involves integration of multiple inputs to which ROS might be contributing in a context specific manner.
In metazoan cells, cross talk between various signaling cascades is a highly evolved mechanism of signal augmentation (24) , signal attenuation (56) , and signal sustenance (30) . In this context, our observation that although both doses of NE induce Jun and Fos, they act differentially while inducing FosB and Fra-1 is significant, as it exemplifies how signals emanating from multiple adrenergic receptors are differentially integrated further downstream. The significance of this differential adrenergic signaling leading to the induction two f-10 GUPTA ET AL.
distinct forms of AP-1 (comprising FosB and Fra-1), respectively, by 2 and 100 µM NE was further strengthened by its reproduction in vivo. Furthermore, while in the case of FosB the responses were limited to a subpopulation of cells in the myocardium, induction of Fra-1 was observed in a much wider population, the significance of which is yet to be understood. Nonetheless, it has often been observed that under a given pathological condition, only a subpopulation of myocytes undergo apoptosis (and/or hypertrophy). Although both FosB and Fra-1 have generally been implicated in cell proliferation and differentiation, recent studies have also implicated Fra-1 in a number of other contexts such as tumorigenesis and increased apoptosis (47) , experimentally induced heart failure (55), and cardiomyocyte apoptosis associated with cardiomyopathy (44) . Cell signaling machinery in higher eukaryotes integrates extracellular stimuli with the genetic apparatus with remarkable speed and specificity. Thousands of G protein couple receptors use a fairly small pool of second messengers and still remain functionally distinct. Recent studies suggest that such signal specificity is mediated by multiprotein signaling complexes formed in the raft microdomains (27, 28) . Taken together, this study does not undermine the role of ROS as the determining factor for either hypertrophy or apoptosis. Rather, it is likely that hypertrophic and apoptotic signals generated by NE (and H 2 O 2 ) are propagated by distinct redox mediators rather than by the generation of a cell wide pool of ROS. Thus, further understanding of the mechanisms of hypertrophy and apoptosis in cardiac myocytes will require a composite knowledge of the source, chemical nature, and the downstream targets of the ROS that is generated only transiently at the very beginning of the signaling process. Current work is in progress to that direction. reactive oxygen species; TBE, Tris, borate, EDTA buffer; TBS, Tris buffered saline; TLR-2, toll-like receptor-2; TNF-␣, tumor necrosis factor-␣; TRE, TPA response element.
